Graph showing discharges in the Lake Tapps tailrace canal and in the White River at river mile 6.3, with corresponding concentrations of dissolved oxygen in the Lake Tapps tailrace canal, the White River at river mile 1.8, and the Puyallup River at river mile 5. 
Specific conductance is given microsiemens per centimeter at 25 degrees Celsius (µS/cm at 25 o C).

Concentrations of chemical constituents in water are given either in milligrams per liter (mg/L) or micrograms per liter (µg/L).
VERTICAL DATUM
Sea level: In this report "sea level" refers to the National Geodetic Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a general adjustment of the first-order level nets of both the United States and Canada, formerly called Sea Level Datum of 1929.
Altitude, as used in this report, refers to distance above or below sea level. In August and September 2001, concentrations of dissolved oxygen in the lower Puyallup River did not fall below the water-quality standard of 8 mg/L, except at high tide when the saline water from Commencement Bay reached the monitor at river mile 2.9. The minimum concentration of dissolved oxygen (7.6 mg/L) observed at river mile 2.9 coincided with the maximum value of specific conductance. Because the dissolved-oxygen standard for marine water is 6.0 mg/L, the standard was not violated at river mile 2.9.
Multiply
The concentration of dissolved oxygen at river mile 1.8 in the White River dropped below the waterquality standard on two occasions in August 2001. The minimum concentration of 7.8 mg/L occurred on August 23, and a concentration of 7.9 mg/L was recorded on August 13. Because there was some uncertainty in the monitoring record for those days, it cannot be stated with certainty that the actual concentration of dissolved oxygen in the river dropped below 8 mg/L. However, at other times when the quality of the monitoring record was good, concentrations as low as 8.2 mg/L were observed at river mile 1.8 in the White River.
INTRODUCTION
A Puyallup River Total Maximum Daily Load (TMDL) study prepared by the Washington State Department of Ecology (Ecology) (Pelletier, 1993 (Pelletier, , 1994 ) set a maximum load for 5-day biochemical oxygen demand (BOD 5 ) at 20,322 pounds per day (lb/d) and a maximum load for ammonia at 3,350 lb/d for the Puyallup River. The TMDL included a reserve capacity of 3,670 lb/d of BOD 5 and 1,200 lb/d of ammonia. In 1996, Ecology initiated a mediation process to establish a plan for managing the reserve capacity. This resulted in an agreement (Washington State Department of Ecology, 1998) that allocated the reserve capacity to various parties, including municipalities, industry, and Indian Tribes. The agreement also outlined a plan for additional monitoring to ensure that concentrations of dissolved oxygen and ammonia would remain within limits set by water-quality standards.
Additional monitoring started in August 2000 when Ecology and the Puyallup Tribe of Indians deployed water-quality monitors at river mile (RM) 2.9 and RM 5.8 in the lower Puyallup River ( fig. 1 ) for four periods during August and September. The monitors recorded temperature, specific conductance, pH, dissolved-oxygen concentration, and water depth at 30-minute intervals. In September, concentrations of dissolved oxygen ranging from less than 1 to about 6 milligrams per liter (mg/L) were observed on several occasions. Because the water-quality standard for dissolved oxygen for the Puyallup River is 8 mg/L, Ecology issued a moratorium on allocating the reserve capacity of BOD 5 and ammonia (Washington State Department of Ecology, 2000) .
In May 2001, the U.S. Geological Survey, in cooperation with Ecology and the Puyallup Tribe, began a study to evaluate the data collected in August and September 2000 and collect additional data to determine if concentrations of dissolved oxygen in the Puyallup River would fall below standards again in 2001. Water-quality monitors were deployed during August and September 2001 at three sites along reaches of the Puyallup and White Rivers extending from RM 2.9 on the Puyallup River to RM 1.8 on the White River ( fig. 1 ). Water and bed-sediment samples also were collected and analyzed for various constituents and properties that might help with the interpretation of the dissolved-oxygen data.
Purpose and Scope
The purposes of this report are to (1) 
Description of the Lower Puyallup and White Rivers
The lower Puyallup River Valley is a relatively flat floodplain. Streambed altitudes in the study area range from about 9 feet below sea level at RM 2.9 on the Puyallup River to about 25 feet above sea level at RM 1.8 on the White River (Prych, 1988) . The lower Puyallup River is a salt-wedge estuary with deeper marine water overlain by a layer of fresh water. The salt wedge generally extends less than 2.5 miles upstream from the river mouth (Ebbert and others, 1987) ; however, the monitoring data indicate it sometimes reaches RM 2.9.
Gravel, cobbles, and boulders armor the bottom of the monitored reaches of the Puyallup and White Rivers. Median particle sizes appear to decrease in the downstream direction, and material beneath the armor layer contains approximately 20 percent sand (Prych, 1988) .
Mean monthly flows in the Puyallup River at the USGS streamgaging station (station 1210500 at RM 6.6) during August and September were 2,069 and 1,665 cubic feet per second (ft 3 /s) for the period 1943 through 2000. Although the period of record for this station began in 1914, the record prior to 1943 does not reflect the present flow conditions because flood flows in the White River have been regulated since 1943 (Kresch and Prych, 1989) .
Introduction 3
During summer, operation of the Lake Tapps hydropower facility by Puget Sound Energy can have a substantial effect on flows in the lower White and Puyallup Rivers. Water is diverted from the White River at RM 24.3 into Lake Tapps, and water released from the lake to produce power is returned to the White River at RM 3.6. Power is generated to meet demand during peak usage, and the cycle of releasing and then holding water often causes discharge in the Puyallup River to increase by a factor of two and then to fall back to base levels in about 12 hours. The capacities of the diversion channel and the outlet from the hydropower facility are each about 2,000 ft 3 /s (Prych, 1988) . Puyallup River above Clear Creek near Tacoma, river mile 2.9 Puyallup River, river mile 5.8 White River above Tacoma Avenue bridge at Sumner, river mile 1.8
River mile 3.6
River mile 6.6
River mile 6.3
River mile 4.9
Water in the Puyallup and White Rivers is usually turbid during summer because fine sediment derived from glacial melting on Mount Rainier is transported downstream. Visibility during this study was always less than about 4 inches below the water surface, and it was often less than 1 inch. Poor light penetration reduces biological productivity (Welch, 1992) , which probably moderates 24-hour variations in concentrations of dissolved oxygen in the lower Puyallup and White Rivers caused by photosynthesis and respiration. Diel variations of about 1 mg/L in the Puyallup River were measured by Ecology (values ranged from 10.1 to 11.2 mg/L) in the Puyallup River at RM 5.7 during various times of the day from September 18 through October 5, 1990 (Pelletier, 1993) .
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DATA COLLECTION
The assessment of dissolved-oxygen concentrations in the lower Puyallup and White Rivers used (1) Locations where water-quality and streamflow data were collected are listed in table 1, and the data are available online at URL, http://www.ecy.wa.gov/ programs/eap/wrias/tmdl/puyallup_hydrolab/ index.html. The streamflow data and the water-quality monitoring data for August and September 2001 also are stored in the USGS National Water Information System (NWIS) database. Daily streamflow data are available online at URL, http://water.usgs.gov/ wa/nwis/sw.
August and September 2000
Ecology and the Puyallup Tribe used Hydrolab Datasonde™ 4a water-quality monitors to measure and record water temperature, specific conductance, pH, and dissolved-oxygen concentration, and water depth at 30-minute intervals in the Puyallup River at RM 2.9 and RM 5.8 ( fig. 1, table 1 ). A single monitor was deployed four times (August 8-10, August 18-24, September 11-22, and September 22-28) at each location (Washington State Department of Ecology, 2001a). Each monitor was deployed on the riverbed near the center of the channel by placing it inside a plastic pipe attached to a concrete anchor. The pipe and the enclosed monitor were placed parallel to the direction of flow with the sensors, which were approximately 6 inches above the riverbed, facing downstream ( fig. 2 ). The monitors were serviced and calibrated according to the manufacturer's specifications prior to each deployment, and duplicate measurements of water temperature, specific conductance, pH, and dissolvedoxygen concentration were made at the beginning and end of each deployment. Duplicate measurements were made with separate instruments, except for the concentration of dissolved oxygen, which was determined using the modified Winkler method (American Public Health Association and others, 1998). The results of the duplicate measurements were published online along with the monitoring data (Washington State Department of Ecology, 2001a).
August and September 2001
The USGS used Hydrolab Datasonde™ 4 and 4a water-quality monitors to measure and record water temperature, specific conductance, pH, and dissolvedoxygen concentration at 30-minute intervals in the Puyallup River at RM 2.9 and 5.8 and in the White River at RM 1.8 ( fig. 1, table 1 ). Two monitors, approximately 20 feet apart, were installed in the Puyallup River at RM 5.8 to provide a duplicate record to help with data validation. For continuity with past practices, data from the monitors located in the Puyallup River at RM 5.8 are stored in the USGS NWIS database under USGS streamgaging station 12101500, Puyallup River at Puyallup, which is the USGS streamgaging station located at RM 6.6. There are no tributaries to the Puyallup River between RM 6.6 and RM 5.8. Clarks Creek, which discharges to the Puyallup River at RM 5.8 on the opposite side of the river from the monitors, did not affect their readings.
Because the monitors were serviced and calibrated in the field, they were deployed almost continuously during August and September. Monitors were deployed in 20-foot-long sections of plastic pipe attached to either trees or boulders on the riverbank ( fig. 3) . The submerged parts of the pipes were perforated to expose the sensors, which were perpendicular to the direction of flow. The oxygen sensors were 1 to 2 feet above the riverbed. The water-quality monitors were serviced and calibrated, if needed, two times per week during most of the 2-month deployment period. The protocol used for servicing and calibration (Appendix A) generally took about 1 hour and was based on the guidelines specified by Wagner and others (2000) . The only modifications of their guidelines were the calibration of the dissolved-oxygen sensor in a water bath, instead of in water-saturated air, and use of the modified Winkler method, instead of another instrument, for making duplicate measurements of dissolved-oxygen concentrations during servicing.
Monitoring data for August and September 2001 were corrected and rated using methods based on guidelines recommended by Wagner and others (2000) . Their guidelines for correcting and rating dissolvedoxygen data entail an analysis to determine how sensor fouling and instrument drift affect differences between concentrations of dissolved oxygen in the stream and recorded concentrations. In this study, corrections applied to the dissolved-oxygen monitoring data, and the subsequent rating of those data, were determined by differences between recorded concentrations and concentrations determined by Winkler. If, for example, there was a constant difference between the Winkler titration data and the monitoring data, a uniform correction equal to that difference was applied to the monitoring data. Although the ratings ( fig. 4 ) are based largely on the amount of correction applied to the data, additional consideration was given to factors such as instrument noise. Even though the corrected record is considered to be more representative of concentrations in the stream, the rating for that record was downgraded according to the amount of correction applied ( fig. 4) .
Water samples were collected in August and September to provide data that might be needed to help interpret the dissolved-oxygen data. Ecology added chlorophyll A, biochemical oxygen demand, and total iron and manganese concentration to the list of constituents and properties (Appendix B) that they analyze for in ambient monitoring samples collected from the Puyallup River at RM 8.3 (Washington State Department of Ecology, 2001b) . Ecology also increased the frequency of sampling and collected samples at RM 5.8 in addition to those collected at RM 8.3. Samples were collected four times (August 22, August 27, September 10, and September 19) at both sites. Water samples also were collected from the Puyallup River at RM 2.9 and 5.8 and from the White River at RM 1.8 by the USGS with help from the Puyallup Tribe and Ecology. These samples, which were collected September 4-5 and September 17-18, were analyzed for the constituents and properties listed Bed-sediment samples were collected on August 22 by the USGS and the Puyallup Tribe at six locations extending from RM 5.8 in the Puyallup River to about RM 1 in the White River. The Manchester Laboratory analyzed these samples for total iron and manganese concentrations. During bed-sediment sampling, cross sections were probed with a rod to make a rough determination of the composition of the riverbed. Except for near-bank areas, the bed was armored with boulders and cobbles, a finding that agrees with Prych (1988) .
To assess variability laterally and with depth at the monitoring sites, cross-section measurements of temperature, specific conductance, pH, and concentration of dissolved oxygen were made in the Puyallup River at RM 2.9 (on August 22, September 4, and September 17) and at RM 5.8 (on September 4), and in the White River at RM 1.8 (on September 5). The results of these measurements are presented in tables 3, 4, and 5 (at back of report).
HDR Engineering, Inc., monitored temperature, specific conductance, pH, and concentrations of dissolved oxygen in the Lake Tapps tailrace canal and in the White River at RM 4.9 ( fig. 1, table 1 ). They also collected water samples at those locations and recorded vertical profiles of temperature, specific conductance, pH, and concentrations of dissolved oxygen in the powerhouse intake canal of Lake Tapps. See Appendix C for a complete listing of data collected by HDR Engineering Inc. Variations in concentrations at RM 2.9 were similar to those at RM 5.8, except for occasional downward spikes in concentration ( fig. 5 ), some of which occurred when the tide was high enough to force saline water upstream to RM 2.9. For a given temperature and barometric pressure, saturated concentrations of dissolved oxygen are lower in saline water because the solubility of oxygen in water decreases with increasing salinity. Variations in discharge from a base level of about 1,700 ft 3 /s to about 4,000 ft 3 /s ( fig. 5) were caused by releases of water from Lake Tapps.
In September 2000, observed concentrations of dissolved oxygen fell far below the water-quality standard of 8 mg/L on several occasions at both RM 5.8 and RM 2.9 (figs. 6 and 7). In a preliminary analysis of the data collected September 11-22 (Jeannette Barreca, Washington State Department of Ecology, written commun., May 2001), inundation of the dissolved-oxygen sensor with sediment was listed as one of several possible causes of the extremely low concentrations of dissolved oxygen observed at RM 2.9 ( fig. 6 ), but environmental factors were not ruled out. fig. 7) suggested that large fluctuations in observed concentrations of dissolved oxygen might be linked to variations in streamflow caused by release of water from Lake Tapps. From September 22 until mid-day September 25, little water was released from Lake Tapps, flow in the Puyallup River was relatively steady, and concentrations of dissolved oxygen ranged from about 10 to 11.5 mg/L at RM 5.8. Steep declines in concentrations of dissolved oxygen did not occur until September 25 ( fig. 7) , with the resumption of routine releases of water from Lake Tapps. Upstream movement of the saline water to the monitor caused the three downward spikes in concentration occurring on September 24 and before noon on September 25 at RM 2.9 ( fig. 7 ).
Data collected September 22-28 (
August and September 2001
Because two monitors were installed in the Puyallup River at RM 5.8, additional information was available to assess the quality of the dissolved-oxygen record, and gaps in the record of one instrument were filled by record from the other ( fig. 8) . Overall, the record produced by the upstream monitor was rated higher than that of the downstream monitor ( fig. 4) . Minimum concentrations of dissolved oxygen of 8.4 mg/L for the upstream monitor and 8.5 mg/L for the downstream monitor were in close agreement (table 2) . Agreement between maximum concentrations, which were 10.7 mg/L and 11.2 mg/L for the upstream and downstream monitors, was not as good. As mentioned in the discussion of the August and September 2000 data, the upstream movement of saline water during high tide affects the concentration of dissolved oxygen in the Puyallup River at RM 2.9. Because of this effect, the minimum concentration of dissolved oxygen (7.6 mg/L) coincided with the maximum value of specific conductance ( fig. 9) . Because the dissolved-oxygen standard for marine water is 6.0 mg/L (Washington State Administrative Code, 1997), the standard was not violated at RM 2.9. When saline water was not present at RM 2.9, concentrations of dissolved oxygen ranged from about 8.5 to 10.5 mg/L (fig. 9) .
The concentration of dissolved oxygen in the White River at RM 1.8 dropped below the waterquality standard of 8 mg/L on two occasions in August 2001 ( fig. 10 ). The minimum concentration of 7.8 mg/L occurred on August 23rd, and a concentration of 7.9 mg/L was recorded on August 13th. Because the record for both of these days was rated as poor ( fig. 4) , it cannot be stated with certainty that the actual concentration of dissolved oxygen in the river dropped below 8 mg/L. It can, however, be said with confidence that the concentration of dissolved oxygen in the White River at RM 1.8 approaches 8 mg/L because a value of 8.2 mg/L was recorded on September 23rd ( fig. 10 ), which is a day that the record was rated as good ( fig. 4) .
ANALYSIS OF FACTORS AFFECTING CONCENTRATIONS OF DISSOLVED OXYGEN
In addition to monitoring, the types of samples collected in August and September 2001 were based largely on the need for data to help determine the cause of the low concentrations of dissolved oxygen observed in September 2000. Three mechanisms (not including sensor fouling) were considered as possible causes of the low concentrations of dissolved oxygen (Washington State Department of Ecology, 2001d) , and all three were related to the schedule of retention and release of water from Lake Tapps. The first mechanism was biochemical oxygen demand in the White and Puyallup Rivers caused by the release of water that may have accumulated algal biomass and organic carbon during routine maintenance of the discharge flume September 8-14, 2000. Water was not released from the lake during flume maintenance, and release of water was infrequent until September 25 (figs. 6 and 7). Algal biomass and organic carbon may have accumulated because there was less flushing of lake water while it was impounded. The second mechanism was the mixing of released lake water, which may have become depleted in dissolved oxygen because of increased stratification of the lake during flume maintenance, with river water. The third mechanism was demand for oxygen caused by the scour of anoxic bed sediments containing reduced iron and manganese. Scour of bed sediments might occur when water released from Lake Tapps increases discharges and flow velocities in the White and Puyallup Rivers. Because water is not released during the maintenance period, bed sediments would remain undisturbed, allowing the thickness of the anoxic layer to increase. Scour of anoxic bed sediments during releases after the maintenance period would expose large amounts of reduced iron and manganese compounds, and their rapid oxidation would exert an unusually high demand for oxygen.
Because any changes in concentrations of dissolved oxygen in the Puyallup River caused by retention and release of water from Lake Tapps would be superimposed on 24-hour variations in concentrations caused by photosynthesis and respiration, the effects of photosynthesis and respiration are described first. 
Photosynthesis and Respiration
From August 1-23, 2001, 24-hour variations in concentrations of dissolved oxygen in the Puyallup and White Rivers (figs. 8, 9, and 10) were largely in response to photosynthesis and respiration, because no water was released from Lake Tapps during that time. Although variations in discharge in the Puyallup River caused by changes in the rate of glacial melting over a 24-hour cycle may have some influence on concentrations of dissolved oxygen ( fig. 8) , the simultaneous variations in pH and concentrations of dissolved oxygen ( fig. 11) are indicative of the photosynthetic activity of aquatic biota (Pogue and Anderson, 1995) .
From August 1-23, 2001, concentrations of dissolved oxygen in the White River at RM 1.8 varied over a range of about 1 to 2 mg/L in 24 hours ( fig. 10 ). During the same period, concentrations of dissolved oxygen in the lower Puyallup River varied over a range of about 1 mg/L in 24 hours (figs. 8 and 9). Variations in concentrations of about 1 mg/L over a 24-hour period are in general agreement with the concentration range of 10.1 to 11.2 mg/L measured by Ecology in the Puyallup River at RM 5.7 during various times of the day from September 18 through October 5, 1990 (Pelletier, 1993) .
Biochemical Oxygen Demand
Five-day biochemical oxygen demand (BOD 5 ) in 10 water samples collected from the lower Puyallup and White Rivers during August and September 2001 ranged from 0.22 to 1.78 mg/L; the mean value was 0.55 mg/L. Samples were collected over a range of flow regimes including rising stage caused by release of water from Lake Tapps. The maximum BOD 5 of 1.78 mg/L was in a sample collected when river discharge was increasing rapidly during a rainstorm on August 22nd. The range of BOD 5 in all other samples was from 0.22 to 0.59 mg/L, indicating that release of water from Lake Tapps had little effect on biochemical oxygen demand in the lower White and Puyallup Rivers. Even if release of water from Lake Tapps were to cause a slight increase in biochemical oxygen demand, time is short for it to exert much effect because water released from the lake reaches the mouth of the Puyallup River in about 24 hours (Pelletier, 1993) . 
Mixing of River Water With Water Released From Lake Tapps
In August and September 2001, sags in concentrations of dissolved oxygen in the White River coinciding with release of water from Lake Tapps ( fig. 10 ) occurred when concentrations of dissolved oxygen in water released from Lake Tapps were lower than concentrations in the White River. On average, concentrations of dissolved oxygen in the Lake Tapps tailrace canal, which discharges to the White River at RM 3.6, were less than concentrations in the White River at RM 4.9 (HDR Engineering Inc., 2002). HDR data indicate that from August 22 to October 16, 2001, concentrations of dissolved oxygen in the tailrace canal ranged from 6.2 to 13.4 mg/L (mean 9.4 mg/L), compared with concentrations ranging from 8.6 to 12.3 mg/L (mean 10.1 mg/L) in the White River at RM 4.9.
Release of water from Lake Tapps frequently lowered concentrations of dissolved oxygen in the White River at RM 1.8 by about 1 mg/L (fig. 12) . Although smaller, sags in concentrations of dissolved oxygen associated with release of water from Lake Tapps also were observed farther downstream in the Puyallup River at RM 5.8 ( fig. 12) . Dissolved oxygen, White River, river mile 1.8
Dissolved oxygen, Puyallup River, river mile 5.8
Dissolved oxygen, Lake Tapps tailrace canal Discharge, White River, river mile 6.3
Discharge, Lake Tapps tailrace canal EXPLANATION Figure 12 . Discharges in the Lake Tapps tailrace canal and in the White River at river mile 6.3, with corresponding concentrations of dissolved oxygen in the Lake Tapps tailrace canal, the White River at river mile 1.8, and the Puyallup River at river mile 5. 8, September 12-18, 2001 . 
Scour of Bed Sediment and Oxidation of Reduced Iron and Manganese
Two methods, both of which are based on highly simplified representations of sediment transport in the lower Puyallup River, were used to compute an upper limit for oxygen demand caused by the scour of anoxic bed sediment and the oxidation of associated reduced iron and manganese. In the first method, demand for oxygen was computed by assuming that all iron and manganese dissolved and suspended in water had been converted from reduced to oxidized forms within the study reach (table 6, at back of report). In the second method, oxygen demand was computed by assuming that anoxic bed sediment was the sole source of suspended solids in the river and that all iron in the bed sediment was oxidized upon suspension (table 7, at back of report). For both sets of computations, it was assumed that iron is oxidized from the +2 to the +3 oxidation state, and for the first set of computations, it was assumed that manganese is oxidized from the +2 to the +4 oxidation state. Manganese was not used in the second set of computations (table 7) because its concentrations were small compared with those of iron. Also, the assumption that manganese is oxidized from the +2 to the +4 oxidation state is not entirely correct because it has three possible valence states (+2, +3, and +4) in aquatic systems and can form a wide variety of mixed-valence states (Hem, 1985) .
The results from both computational methods were similar, in that they indicated an upper limit for oxygen demand of less than 1 mg/L. This represents an extreme upper limit because the highly simplified representation of sediment transport does not agree with data (Ebbert and others, 1987) and a modeling study (Sikonia, 1990) showing that most of the fine suspended sediment in the lower White and Puyallup Rivers is transported from upstream and not derived solely within the study reach. Data were not available to do a more comprehensive evaluation of this mechanism.
PROBABLE CAUSE OF LOW CONCENTRATIONS OF DISSOLVED OXYGEN OBSERVED SEPTEMBER 2000
An initial examination of data collected in August and September 2001 and observations made while collecting those data were helpful in determining that inundation of the sensors with sediment was the most likely cause of the steep declines in concentrations of dissolved oxygen observed in September 2000. Initial examination of the 2001 data indicated that variations in concentrations of dissolved oxygen were consistent with most available data, excluding those collected in September 2000, and with a general understanding of controlling processes, as previously described. Concentrations in the Puyallup River at RM 5.8 did not drop below 8 mg/L, and they usually remained above 8 mg/L in the Puyallup River at RM 2.9.
Field observations became important when the monitor at RM 2.9, which had been set too far into the pipe ( fig. 3 ), became buried with sediment. This was discovered when the sensors were found caked with sediment when the monitor was retrieved for servicing on August 9, 2001. The recovered data indicated that as the sensor became buried on August 7, the recorded concentration of dissolved oxygen dropped from 9.6 to less than 1 mg/L in 3.5 hours and remained below 1 mg/L until the monitor was retrieved. The rapid decline in concentrations was similar to those observed in September 2000.
More complete analyses of the 2001 data, as presented in the previous sections of this report, indicate that natural processes cannot explain the extreme variations in concentrations of dissolved oxygen observed in September 2000. For example, the monitored concentration of dissolved oxygen at RM 2.9 increased from 0.6 to 10.5 mg/L in 30 minutes on September 17, 2000, and it remained above the monitored concentration at RM 5.8 by as much as 6 mg/L until September 21 ( fig. 6 ). On September 20, when monitored concentrations of dissolved oxygen were 11.1 and 5.8 mg/L at RM 2.9 and 5.8, respectively, the concentration at Ecology's ambient monitoring site at RM 8.3 was 10.1 mg/L ( fig. 6 ) (Washington State Department of Ecology, 2001b) . Because the time of travel from RM 8.3 to RM 2.9 is only about 3 hours, such a rapid and large decrease in concentration between RM 8.3 and 5.8, followed by an even larger increase in concentration between RM 5.8 and 2.9, simply is not consistent with a natural process controlling concentrations of dissolved oxygen in the lower Puyallup River.
Placement of the monitors with the sensors facing downstream in August and September 2000 ( fig. 2) probably facilitated sediment buildup around the dissolved-oxygen sensors. Similar to the drag that causes dust to accumulate on the back of a car or truck, the negative pressure differential at the downstream end of the monitor housing would cause sediment to accumulate around the sensors.
SUMMARY AND CONCLUSIONS
The purpose of this study, which was conducted during August and September 2001, was to monitor concentrations of dissolved oxygen in the lower Puyallup and White Rivers and analyze some of the factors affecting concentrations. This study was initiated because observed concentrations of dissolved oxygen in the lower Puyallup River fell to levels ranging from less than 1 to about 6 mg/L on several occasions in September 2000.
This study concluded that inundation of the sensors with sediment was the most likely cause of the low concentrations of dissolved oxygen observed in September 2000. The conclusion was based on (1) knowledge gained when a dissolved-oxygen sensor became covered with sediment in August 2001, (2) the fact that, with few exceptions, concentrations of dissolved oxygen in the lower Puyallup and White Rivers did not fall below the water-quality standard of 8 mg/L in August and September 2001, and (3) an analysis of other mechanisms affecting concentrations of dissolved oxygen.
The analysis of other mechanisms indicated that they are unlikely to cause steep declines in concentrations of dissolved oxygen like those observed in September 2000. Five-day biochemical oxygen demand ranged from 0.22 to 1.78 mg/L (mean of 0.55 mg/L), and river water takes only about 24 hours to flow through the study reach. Photosynthesis and respiration cause concentrations of dissolved oxygen in the lower Puyallup River to fluctuate as much as about 1 mg/L over a 24-hour period in August and September. Release of water from Lake Tapps often lowered concentrations of dissolved oxygen downstream in the White River by about 1 mg/L. The effect was smaller farther downstream in the Puyallup River at river mile 5.8, but was still observable as a slight decrease in concentrations of dissolved oxygen caused by photosynthesis and respiration. The upper limit on oxygen demand caused by the scour of anoxic bed sediment and subsequent oxidation of reduced iron and manganese is less than 1 mg/L. The actual demand is probably negligible.
In August and September 2001, concentrations of dissolved oxygen in the lower Puyallup River did not fall below the water-quality standard of 8 mg/L, except at high tide when the saline water from Commencement Bay reached the monitor at river mile 2.9. The minimum concentration of dissolved oxygen (7.6 mg/L) observed at river mile 2.9 coincided with the maximum value of specific conductance. Because the dissolved-oxygen standard for marine water is 6.0 mg/L, the standard was not violated at river mile 2.9.
The concentration of dissolved oxygen at river mile 1.8 in the White River dropped below the waterquality standard on two occasions in August 2001. The minimum concentration of 7.8 mg/L occurred on August 23, and a concentration of 7.9 mg/L was recorded on August 13. Because there was some uncertainty in the monitoring record for those days, it cannot be stated with certainty that the actual concentration of dissolved oxygen in the river dropped below 8 mg/L. However, at other times when the quality of the monitoring record was good, concentrations as low as 8.2 mg/L were observed at river mile 1.8 in the White River. (Hem, 1985) ; oxidation of one mole of manganese from the +2 to the +4 oxidation state requires 0.5 mole of oxygen (Hem, 1985) Step 2: Retrieve the monitor, clean and inspect probes, re-deploy monitor for "after-cleaning" measurements. Take Step 3: Retrieve the monitor and download data from the previous collection period. Inspect the data. The decision to recalibrate the monitor is somewhat subjective and is based on 1) how its readings compared with the field meter & Winkler, 2) its stability as observed in step 2, and 3) the data from the previous collection period (In general, DO in the Puyallup and White Rivers does not vary widely.) If in doubt, perform a calibration check. Name of file downloaded__________________________________
Step 4: Calibration check (perform if indicated by Step 3). Step 6: Create a new logging file and check file status to make sure it was created, re-deploy the monitor, and take instream readings with field meter & collect sample for Winkler DO titration on the hour or half-hour. The readings from the Hydrolab will be added to the 
